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Abstract
The objective of this research was to evaluate the dissolved carbon dioxide stripping
efficiency of two types of 1-m tall structured plastic packing (tubular NORPAC and
structured block CF-3000 Accu-Pac media) that were placed separately in two full-scale
forced-ventilation cascade columns that were located within a coldwater recirculating
aquaculture system at the Freshwater Institute. These two structured packing types were
selected because they both provide large 4/5 cm void spaces that are either vertically-
continuous (e.g. the tubular NORPAC) or an open structure with zigzagging but continuous
void spaces (e.g. the blocks of cross-corrugated sheet media), which should reduce the
likelihood of plugging with biosolids. Water flow rates were adjusted so that each cascade
column was loaded with either 87, 136 and 187 m3/h water flow per m2 of cascade column plan
area (i.e. 35, 56 and 76 gpm/ft2). Air:water loading rates of 2.2:1 to 3.4:1, 5.1:1 to 5.6:1, and
9.5:1 to 9.9:1 were produced by setting the water flow rates through each column at 1.62, 2.54
and 3.48 m3/min, respectively, and then measuring the resulting air flow rate through the
column under these conditions. As expected, the dissolved carbon dioxide removal efficiencies
of both structured packing tested were found to depend on the volumetric air:water loading
rate applied. The lowest volumetric air:water loading rate (i.e. 2.2:1 to 3.4:1) resulted in only
21/24% dissolved carbon dioxide removal. However, the dissolved carbon dioxide removal
efficiencies rose to 32.4/33.6 and 35.8/37.2% for the medium and high air:water loading rates,
i.e. 5.1:1 to 5.6:1 and 9.5:1 to 9.9:1, respectively. A second objective of this research was to
determine if either packing would plug with biosolids after long-term operation. At the end of
approximately 1 year of operation, both of the plastic packing materials were examined from
the top of the packing to determine if potential fouling or plugging problems were apparent. A
thin layer of brown biofilm covered both packings, but the biofilm did not appear to threaten
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water or airflow through the packing. In addition, no large mats of biosolids were visible from
the top of either column. However, flooding at the interface of the support screen and the
tubular NORPAC was suspected to have reduced air flows measured at the highest hydraulic
loading rate tested (i.e. at 187 m3/h per m2), which coincided with the lowest air:water loading
rates tested.
# 2003 Published by Elsevier Science B.V.
Keywords: Carbon dioxide stripping; Coldwater recirculating system; Cascade aeration; Forced
ventilation
1. Introduction
Problems with dissolved carbon dioxide are now being encountered in recirculat-
ing aquaculture systems that supplement dissolved oxygen levels using pure oxygen
injection technologies, because these systems support higher fish loading rates and
the oxygen dissolution processes that are used provide insufficient gas exchange to
strip the quantities of carbon dioxide produced. Recirculating systems that add large
amounts of pure oxygen will require aeration units designed to strip dissolved carbon
dioxide. As first reported by Grace and Piedrahita (1993, 1994) and later by
Summerfelt et al. (2000a), as much as 5/10 volumes of air per volume of water must
be contacted with water for the most effective carbon dioxide stripping. Providing
large air volumes to cascade columns is relatively inexpensive when air-handling or
building ventilation-type blowers are used, because low back pressures (generally less
than several cm of water pressure) against the fan require little power to move large
volumes of air. For these reasons, forced-ventilation cascade columns are a preferred
method to remove dissolved carbon dioxide from recirculating system flows (Grace
and Piedrahita, 1993, 1994; Summerfelt et al., 2000a).
Design criteria and models of forced-ventilation cascade columns that are used in
recirculating aquaculture systems have been published elsewhere (Grace and
Piedrahita, 1993, 1994; Summerfelt et al., 2000a). Cascade aeration column design
is also critical for dissolved carbon dioxide removal from drinking water and other
industrial applications and additional design criteria and models are available in
these applications (Sherwood and Holloway, 1940; Kavanaugh and Trussell, 1980;
Howe and Lawler, 1989; La Motta, 1995; La Motta and Chinthakuntla, 1996).
Cascade columns often contain packing to break-up the water flow and increase
the rate of gas transfer. A packing that holds the water flow up longer and that
contains more specific surface area tends to result in more efficient gas transfer, but
at the expense of increased maintenance problems due to biofouling, and increased
head requirements for the air blowers (Summerfelt et al., 2000a). Fouling problems
are less serious in relatively clean coldwater recirculating systems (Heinen et al.,
1996) and other systems that maintain high removal efficiencies of suspended solids,
biochemical oxygen demand, and ammonia before the water enters the stripping
unit. However, long-term problems with biofouling might be reduced if structured
packing is selected that contains relatively large void spaces (e.g. greater than 4/5 cm
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openings) with few flow-constricting pinch points. All types of random packing
contain pinch points where the packing rest against each other or their support grid.
The objective of this research was to evaluate the dissolved carbon dioxide
stripping efficiency of two types of structured plastic packing that were placed
separately in two full-scale forced-ventilation counter current cascade columns that
were located within a coldwater recirculating aquaculture system at the Freshwater
Institute. The two packing types evaluated (Fig. 1) were a 1-m tall cluster of 2 in.
tubular NORPAC media (NSW, Roanoke, VA) and a 1.0-m tall stack of CF-3000
Accu-Pac media, which are blocks of cross-corrugated sheet media (L.S. Enterprises,
Ft. Myers, FL). These two structured packing types were selected because they both
provide large 4/5 cm void spaces that are either vertically-continuous (e.g. the
tubular NORPAC) or an open structure with zigzagging but continuous void spaces
(e.g. the blocks of cross-corrugated sheet media). These two structured packing were
also selected because they both contain large continuous void spaces that should
reduce the likelihood of plugging with biosolids. With the low-pressure air handling
fans used (designed to operate at less than 3-cm of water back pressure), it would not
take much plugging to flood areas of the packing with several centimeter of water,
which would restrict air passage through the packing and significantly reduce the
dissolved carbon dioxide removal efficiency across the cascade column. Therefore, a
second objective of this research was to determine if either packing would plug with
biosolids after long-term operation, i.e. after at least 1 year of operation.
Fig. 1. The two packing tested are a 1-m tall cluster of 2 in. tubular NORPAC packing (NSW, Roanoke,
VA) and a 0.9-m tall stack of structured blocks from L.S. Enterprises.
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2. Materials and methods
2.1. Packed columns
The full-scale, ventilated cascade columns were custom fabricated out of 4.8-mm
thick (3/16-in. thick) marine grade aluminum by PRAqua Technologies LLC
(Nanaimo, BC, Canada) according to specifications provided by the Freshwater
Institute (Fig. 2). The cascade columns were constructed side-by-side and were in
turn stacked directly over two side-by-side LHO units (Fig. 2). A flow directing plate
located below the packing in each cascade column is used to direct water cascading
out of the packing to the side of each of the LHO units located directly below each
cascade column. The flow directing plate helps to prevent air bubbles*/produced by
the water cascading out of the packing*/from being carried into the LHO through
the LHO’s distribution plate.
Each cascade column was packed with either a 1-m tall cluster of 2 in. tubular
NORPAC media (NSW, Roanoke, Virginia) or a 1.0-m tall stack of CF-3000 Accu-
Pac media, which are blocks of cross-corrugated sheet media (L.S. Enterprises) (Fig.
1). The tubular NORPAC was set directly on a diamond patterned expanded
aluminum sheet (Fig. 3). However, lengths of 2.5 cm (1 in.) nominal diameter PVC
pipe were placed between the structured blocks and the expanded aluminum sheets
to reduce pinch points formed where the structured blocks are supported and to
create 1.0-m of packing depth (Fig. 3). The 5-cm (2-in.) tubular NORPAC and the
CF-3000 Accu-Pac media have specific surface areas of 108 and 102 m2/m3,
respectively.
Both of the cascade columns were operated using independent air and water flows.
Recycled water was distributed uniformly above both structured plastic packings
using crown nozzles (Fig. 4). The crown nozzles were dispersed on 14 cm (5.5 in.)
centers through a distribution plate located 30 cm (12 in.) below the top of each
cascade column (Fig. 4). Water flow rates were adjusted so that each cascade column
was loaded with either 87, 136, and 187 m3/h water flow per m2 of cascade column
plan area (i.e. 35, 56 and 76 gpm/ft2). Airflow delivered by the column’s fan was not
adjusted. Therefore, air:water loading rates of 2.2:1 to 3.4:1, 5.1:1 to 5.6:1, and 9.5:1
to 9.9:1 were produced by setting the water flow rates through each column at 1.62,
2.54 and 3.48 m3/min, respectively, and then measuring the resulting air flow rate
through the column under these conditions.
A 3/4-hp forward-curve blower (Model Number 7C490, Grainger, Springfield,
VA) was mounted to inject air directly below the packing of each cascade column.
Air discharged from each cascade column was ducted out of the building using 25 cm
(10 in.) diameter pipe.
2.2. Recirculating system details
The cascade columns were installed within a fully-recirculating system that is
currently being used for arctic char grow-out (Fig. 5) at the Conservation Fund
Freshwater Institute in Shepherdstown, West Virginia. This recirculating system uses
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Fig. 2. Details of the stripping unit/LHO unit stacks that were used during this study. Note that the two side-by-side cascade columns are stacked directly over
two side-by-side LHO units and that each of these stripper/LHO stacks operates on independent air and water flows. Drawing courtesy of PRAqua
Technologies Ltd.
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Fig. 3. Lengths of 2.5 cm (1 in.) nominal diameter PVC pipe were placed between the structured blocks and the expanded aluminum sheets to reduce pinch
points formed where the structured blocks are supported (left-hand image). Tubular NORPAC was set directly on a diamond patterned expanded aluminum
sheet, which inadvertently created a larger number of pinch points.
S
.T
.
S
u
m
m
erfelt
et
a
l.
/
A
q
u
a
cu
ltu
ra
l
E
n
g
in
eerin
g
2
8
(
2
0
0
3
)
1
5
5

/1
6
9
1
6
0
Fig. 4. On the right hand side is a picture of a crown-nozzle from L.S. Enterprises that was set beside a penny for perspective; the nozzles surface mounts
through the distribution plate and each nozzle can distribute up to 40 l/min of water flow with only about 15-cm of water head pooled above the nozzle.
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two 5-HP pumps to recirculate 4800 l/min (1250 gpm) of water. The water is pumped
at a pressure of 0.56 bar (8.3 psig) through a 2.7 m (9 ft) diameter by 6.1 m (20 ft) tall
cyclo bioTM fluidized-sand biofilter. The water flow then exits the top of the fluidized-
sand biofilter and flows by gravity through a cascade stripping column, a low head
oxygenation unit, and a UV irradiation unit before being piped to a 150 m3 (40 000
gal) culture tank. About 93% of the water exits the culture tank through its ‘Cornell-
type’ sidewall drain and is directed through a microscreen drum filter before
returning to the pump sump. About 7% of the water exits the culture tank through
its bottom drain and is then directed to a swirl separator. Water treated by the swirl
separator is either discharged or recombined with the water flowing to the
microscreen drum filter, depending upon the system exchange rate desired.
The cascade stripping columns were placed in the recirculating system so that they
would strip dissolved carbon dioxide after it had reached its highest concentration
within the system and before any oxygen supersaturations have been produced, i.e.
just after the water flows out of the biofilter and just before the water flows into the
oxygenation unit. Placing the cascade columns just before the oxygenation units also
boosts the dissolved oxygen concentration of the flow to near saturation, which
allows nearly all of the purified oxygen feed gas added in the oxygenation unit to go
towards supersaturating the water.
The recirculating system was stocked with arctic char and water temperatures were
approximately 13 8C. During these tests the inlet concentration of dissolved carbon
dioxide was held relatively constant at 33/35 mg/l by regulating the amount of
Fig. 5. The 4800 l/min recirculating system at the Freshwater Institute. Drawing courtesy of Marine
Biotech, Inc.
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supplemental carbon dioxide gas that was diffused into the water within the
recirculating system’s pump sump. The packing had already developed a biofilm
when the stripping tests were conducted.
2.3. Experimental measurements
Stripping carbon dioxide increases the pH of water as the total carbonate content
of the water decreases and acid/base equilibrium shifts as carbonic acid (H2CO3)
dehydrates and bicarbonate (HCO3
) and carbonate (CO3
2) equilibrium concentra-
tions are reallocated (Kern, 1960; Grace and Piedrahita, 1993, 1994). This shift in pH
is not instantaneous, because the dehydration of carbonic acid is rate limiting.
However, adding or removing dissolved carbon dioxide does not change the water’s
alkalinity, only the water’s inorganic carbon concentration and pH. During this
experiment, water pH was measured immediately before (i.e. within the water pooled
above the cascade column’s distribution plate) and immediately after (i.e. within the
pooled water above the LHO unit’s distribution plate) the cascade column. The
water’s pH and temperature were monitored in real time using a pH analyzer (GLI
International Inc., Model P53, Milwaukee, WI) operated with an epoxy pH sensor
that was placed within the pooled water immediately above and below each cascade
column. Dissolved carbon dioxide concentrations were estimated from the water’s
alkalinity and pH for a given temperature using the following equation:
CO2 (mg=l)44 000

Alk(mg=l as CaCO3)
50 000
10(pHpKw)10(pH)



1
10(pHp(K0K1))  2 10(2pHp(K0K1)pK2)

Where the equilibrium constants K0, K1, and K2 are defined elsewhere (Summerfelt,
2000), the pK terms equal /log10[K], and the term ‘Alk’ represents the water’s
alkalinity in mg/l (expressed as calcium carbonate).
In addition, water samples were collected immediately before and after each of the
stripping columns. Alkalinity of water samples was measured by titration (APHA,
1998). In order to check the accuracy of the carbon dioxide concentrations calculated
from the pH, temperature, and alkalinity measurements, we also measured dissolved
carbon dioxide concentrations by titration using Hach Chemical Company Method
8205, which is adapted from method 4500-CO2C in Standard Methods for the
Examination of Water and Wastewater Method (APHA, 1998). We found that the
dissolved carbon dioxide concentrations calculated by direct measurements of pH,
temperature, and alkalinity were much more repeatable measurements than those
produced by titration. Standard error (S.E.) of dissolved carbon dioxide concentra-
tions were 5/0.4 mg/l when calculated from pH data, while S.E.s of dissolved carbon
dioxide concentrations measured by titration ranged from 0.3 to 1.1 mg/l.
Furthermore, the errors in the titration method were magnified when calculating
the carbon dioxide removal efficiency across each packed column, i.e.
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removal efficiency; %

Concinlet  Concoutlet
Concinlet

 100
For example, when dissolved carbon dioxide concentrations were calculated using
the pH data, the percentages of carbon dioxide removed (9/S.E.) across the tubular
NORPAC were 24.39/0.7, 32.49/0.4, and 37.29/0.7 for the low air:water, medium
air:water, and high air:water loading levels, respectively. However, when dissolved
carbon dioxide concentrations were measured by titration of grab samples, the
percentages of carbon dioxide removed (9/S.E.) across the tubular NORPAC were
22.29/5.4, 31.89/3.4, and 41.09/2.0 for the low air:water, medium air:water, and
high air:water loading levels, respectively. Note that the estimates of percent carbon
dioxide removal were similar, but that the S.E.s for these measurements were much
greater when carbon dioxide concentrations were measured by titration. For these
reasons, all dissolved carbon dioxide concentrations reported in this paper were
calculated from pH measurements.
The carbon dioxide mol fractions in the air entering and exiting the cascade
column were measured using a gas-phase monitor (CEA, Emerson, NJ). Air
velocities were measured at multiple points within the 25-cm diameter air ducting
following each cascade column using an ISO certified stick anemometer (Testo 405-
V2 stick anemometer, Cole Parmer Instrument Company, Vernon Hills, IL). Water
flows were measured using a pipeline mounted ultrasonic flow meters (Transport
Model PT868 Portable Flowmeter, Panametrics, Inc., Waltham, MA).
Water flow rates through each packed column were adjusted nine separate times
to produce three replicated data sets for the high, medium, and low air:water loading
rates. All water and air quality data were collected in each replicated trial. Therefore,
the results for each air:water loading rate are reported as the mean (9/S.E.) of three
replicated data points.
3. Results and discussion
The experimental findings are shown in Table 1 and Fig. 6. The tubular NORPAC
and structured block packing (i.e. the CF-3000 Accu-Pac media) showed similar
dissolved carbon dioxide removal efficiencies at the three volumetric air:water
loading rates tested (Table 1 and Fig. 6). As expected, the dissolved carbon dioxide
removal efficiencies of both structured packing tested were found to depend on the
volumetric air:water loading rate applied. The lowest volumetric air:water loading
rate (i.e. 2.2:1 to 3.4:1) resulted in only 21/24% dissolved carbon dioxide removal,
which occurred when carbon dioxide concentrations vented from the packed
columns were approximately two to three times the concentration in the air entering
the columns (Table 1). However, the dissolved carbon dioxide removal efficiencies
rose to 32.4/33.6 and 35.8/37.2% for the medium and high air:water loading rates,
i.e. 5.1:1 to 5.6:1 and 9.5:1 to 9.9:1, respectively (Table 1 and Fig. 6). Therefore, as
would be predicted (Grace and Piedrahita, 1993, 1994; Summerfelt et al., 2000a), the
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higher volumetric air:water loading rate increased dissolved carbon dioxide stripping
efficiencies (Table 1 and Fig. 6). However, an air:water loading rate of about 5:1
produced little better carbon dioxide removal than an air:water loading of about 10:1
Table 1
Change in dissolved carbon dioxide concentration across each structured packing as a function of the
volumetric air:water loading rates
Structured packing High air:water Medium air:water Low air:water
Water flow (m3 /min)
Structured blocks 1.619/0.00 2.549/0.01 3.479/0.02
Tubular NORPAC 1.639/0.01 2.539/0.00 3.499/0.00
Water HLR (m3 /h per m2 )
Structured blocks 86.39/0.0 136.39/0.5 186.79/0.9
Tubular NORPAC 87.59/0.5 135.79/0.2 187.69/0.2
Air flow (m3 /min)
Structured blocks 16.19/0.2 14.59/0.2 11.69/0.1
Tubular NORPAC 15.59/0.1 13.09/0.3 7.49/0.1
Air:water (v:v)
Structured blocks 9.9:1 5.6:1 3.4:1
Tubular NORPAC 9.5:1 5.1:1 2.2:1
Inlet GCO2 (mg/l)
Structured blocks 3809/0 3859/15 4259/25
Tubular NORPAC 4059/20 5109/12 6009/30
Outlet GCO2 (mg/l)
Structured blocks 8959/22 1,2609/40 1,6009/30
Tubular NORPAC 9609/14 1,3609/20 1,6009/40
Inlet pH
Structured blocks 7.279/0.00 7.259/0.00 7.279/0.00
Tubular NORPAC 7.279/0.01 7.269/0.00 7.279/0.00
Outlet pH
Structured blocks 7.469/0.00 7.429/0.00 7.379/0.00
Tubular NORPAC 7.489/0.00 7.439/0.00 7.399/0.00
Inlet DCO2 (mg/l)
Structured blocks 33.79/0.2 35.69/0.2 33.89/0.2
Tubular NORPAC 33.09/0.2 34.69/0.3 33.79/0.4
Outlet DCO2 (mg/l)
Structured blocks 21.69/0.1 23.79/0.1 26.69/0.0
Tubular NORPAC 20.79/0.2 23.49/0.2 25.59/0.1
Change in DCO2 (mg/l)
Structured blocks 12.19/0.2 12.09/0.2 7.29/0.2
Tubular NORPAC 12.39/0.3 11.29/0.2 8.29/0.3
DCO2 removal efficiency (%)
Structured blocks 35.89/0.4 33.69/0.4 21.29/0.5
Tubular NORPAC 37.29/0.7 32.49/0.4 24.39/0.7
Results are reported as the as the mean (9/S.E.) of three replicated data points. Water temperatures
ranged from 12.7 to 13.1 8C during these tests.
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(Table 1, Fig. 6), which decreases the incentive to provide more than a 5:1 volumetric
air:water loading rate.
At the 10:1 air:water loading rate, the carbon dioxide stripping efficiencies
measured (i.e. 36/37%) were lower than Summerfelt et al. (2000a,b) reported for a
forced-ventilation cascade column containing no media or a 1-m depth of random
packed 5-cm diameter NORPAC (i.e. 42 and 63% carbon dioxide stripping
efficiencies, respectively). One hypothesis is provided to explain why the full-scale
packed columns removed less carbon dioxide than the random packed 5-cm
NORPAC reported in the earlier study. We suspect that the random packed
NORPAC used in the Summerfelt et al. (2000a,b) study held up the water flow for a
longer period of time than either of the structured packing media that were used
during this study. The tortuosity of the water flowing through a random packed bed
would increase the retention time of the water flowing through the cascade column.
Therefore, we suspect that a longer residence time in the random packed NORPAC
media would have provided more opportunity for carbon dioxide stripping than the
vertical structured packing evaluated in this study. However, a random packing has
many pinch points within the bed and thus has more potential to develop plugging
problems than the vertical structured packing media.
At the end of approximately 1 year of operation, both of the plastic packing
materials were examined from the top of the packing to determine if potential
fouling or plugging problems were apparent. A thin layer of brown biofilm covered
both packing types, but the biofilm did not appear to threaten water or airflow
through the packing. In addition, no large mats of biosolids were visible from the top
of either column. However, water quality within the recirculating system was
excellent during this year of operation, with typical total suspended solids of 3/4 mg/
l, total ammonia nitrogen of 5/0.1 mg/l, and nitrite-nitrogen of 5/0.1 mg/l. Even so,
flooding at the interface of the support screen and the tubular NORPAC was
suspected to have reduced air flows measured at the highest hydraulic loading rate
tested (i.e. at 187 m3/h per m2), which coincided with the lowest air:water loading
Fig. 6. Dependence of the dissolved carbon dioxide removal efficiency on volumetric air:water loading
rates found with the tubular NORPAC and structured block packing.
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rates tested. The flooding may have only amounted to 1/3 cm of water backpressure
to resist air flow; however, this increased backpressure on the fan can be enough to
significantly reduce air flow through the packing because low pressure fans are
chosen to ventilate these columns. The authors had also encountered flooding at the
interface of the support screen and the tubular NORPAC in a forced-ventilated
cascade column used to treat around 1600 l/min in a partial-reuse system located at
the Freshwater Institute (this system was described in Summerfelt et al., 2000b). To
reduce these pinch points, the authors recommend using packing such as the CF-
3000 Accu-Pac or the tubular NORPAC when the adjoining tubes have been heat
fused into large blocks (i.e. with the ends of adjoining tubes heat fused together),
Fig. 7. The stacked stripper/LHO unit was supported over a cone bottom sump tank to simplify sediment
removal when once a week the recirculating pumps were shut-off and the LHO sump tank drained and
hosed down to remove biosolids. Drawing courtesy of PRAqua Technologies Ltd.
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which allows the packing to be supported without screens but with only structural
supports located every 30/60 cm.
The stacked stripper/LHO unit was supported over a cone bottom sump tank to
simplify sediment removal when once a week the recirculating pumps were shut-off
and the LHO sump tank drained and hosed down to remove biosolids (Fig. 7).
Experience with several coldwater recirculating system has shown that this simple
method to flush settleable solids can be instrumental for maintaining better water
quality within the recirculating system, especially when the LHO sumps follow
biofilters that can occasionally export settleable biosolids.
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